Abstract. Water supply sectors are facing higher uncertainty in both resource availability and consumer demand. Future conservation programs require a full understanding of underlying factors of residential water consumption. However, previous studies have only considered one or several groups of factors without putting them all together in a bigger picture. This study was developed to provide a comprehensive view on these determinants and their relationships, as well as to discuss current gaps and possible directions. Determinants are categorized into six groups: (1) Economic; (2) Socio-demographic; (3) Physical properties; (4) Technological; (5) Climatic; and (6) Spatial drivers. All these determinants produce a very complex picture with many possible interrelationships. This nature, in one hand, poses challenges in selecting suitable technique to avoid autocorrelation, but on the other hand, provides chances to substitute unavailable important data with proxy variables. We have emphasized the lack of regional and cultural diversity in current studies, as most of them were carried out in developed and arid areas. Hence, a wider range of country specific and local-based studies is needed to better reflect the determinants and their relationships in diverse contexts. In future studies, a broader assessment scope taking into account effects such as feedback loop, spillover, and rebound should also be considered. In addition, these studies must deal with modern issues such as balancing between smart monitoring device utilization and consumer privacy.
Introduction
Water supply sectors are facing higher uncertainty in both resource availability and consumer demand. Climate change patterns including higher temperatures and alterations in precipitation patterns are likely to impact the inflow to drinking water reservoirs and to cause higher uncertainty in water availability [1] . On the other hand, both increase and decrease in water demand, especially in urban area, have been observed around the world [2] [3] [4] [5] . Ongoing population growth, urbanization, and higher living standards are among the common identified drivers behind the upsurge in water consumption [2, 6, 7] , while, technology development and mandatory water restrictions are considered the reasons behind the reduction in water use [4] . These uncertain fluctuations in water demand create difficulties for many cities around the world to provide a safe, steady, and affordable drinking water supply [1] . Hence, a full understanding of underlying factors of residential water consumption is vital for the development of a more sustainable water management system. Determinants of household water consumption has been studied since the late 1960s at different aggregation levels (city, municipal, census tract, household) [8] . At the beginning, price and other socio-economic factors were the dominant focus [8] [9] [10] [11] [12] . Besides, physical characteristics of properties such as lot size, size of outdoor space, housing typology, etc. were also often found in water demand modelling literature [13] [14] [15] . Technological development including (1) implementation of high water efficiency fixtures and appliance [16] [17] [18] [19] , (2) providing real-time feedback using smart technology [20] is constantly gaining the interest of water conservation researchers. Climatic effect is also an important factor in water demand modelling, especially when significant amount of water was used externally [21] [22] [23] . Not until the beginning of 21 st century, spatial dimension started to be considered in water demand literature [6, 8, 15] .
Even though there have been many publications on determinants of water consumption. Previous studies have only considered one or several groups of factors without putting them all together in a bigger picture. This study was developed to provide a comprehensive view on determinants of residential water consumption and their interrelationships. We also discuss the gaps in current literature and possible directions for future research.
Economic Determinants
Price was one of the first and most studied factors in the water demand management literature [7, [9] [10] [11] [12] 24] . Interest in pricing and other economic instruments was backed up by the logic that higher water prices lead to lower consumption. However, that is only true if water behaves as a normal economic goods. Savenije (2002) argued that since most water uses are essential and irreplaceable, market theory could not be simply applied for water demand management [25] . Empirical evidence generally supported that residential water demand is relatively price-inelastic, i.e. large increase in water price generally lead to small or no change in water consumption [10, 11] . However, when zooming in, the price elasticity of water demand varies among different end-uses. Whilst price mechanisms would not make great differences in essential uses, it can significantly affect water-related leisure activities such as gardening or filling swimming pools [7, 26] . Using water consumption data from Seville (Spain) as a case study, Martínez-Espiñeira and Nauges (2004) discussed the existence of water demand threshold which is the essential amount of water for basic need. When the threshold is approached, increment in price would barely affect demand [27] . Additionally, the impact of price on water consumption also differ among socio-demographic groups. Inman and Jeffrey (2006) hypothesized that water use in low income families was just for basic need and could not be reduced even with higher water price [17] . On the other hand, other studies suggested very little or no effect of price on well-off individuals [26] since price signal is not strong enough to curb their consumption [7] . Renwick and Green (2000) also observed that water consumption is more responsive to price change during summertime [28] . These understandings are critical for setting price schemes which can target savings in high consumption group whilst not posing the conservation burden on indispensable uses. Different water pricing structures were also proven to influence domestic water consumption [9, 12, [29] [30] [31] . There has been evidence for effect of increasing block tariffs (IBT) on water demand control [17, 31] . Though IBT is gaining popularity worldwide [32] , there are several drawbacks of this pricing scheme. Firstly, it increases revenue instability which in turn leads to affordability problems for the utility companies [26] . A fixed fee independent of the water consumed was suggested to overcome this problem [7, 33] . Secondly, IBT might also fail to promote social equity. Since household with more members are expected to consume more water, they will more likely to be charged higher prices. Moreover, such household often include more vulnerable members such as children and the elderly [34] . In 2003, Liu et al. proposed an increasing block price scheme based on per capita consumption instead of per connection. This scheme is proven to meet both equity and efficiency [30] . Martins et al. (2013) 41, 42] . Whilst studies using aggregate data included average household size as independent variable for water consumption estimation [15, 36] , household-based studies often considered the number of adults, number of teenagers, and/or number of children in their analyses [16, 30, 43] . Bigger households tend to consume more water in total but less per person [18] . This "economies of scale" effect tends to vanish if the household size is too small [44] . Nevertheless, the Western world has been undergoing a demographic transition [7] with the downsizing of household size and the growth of one-person household [45] . This common phenomenon occurring throughout urban regions of the developed world intensifies the effect of "inefficient" water use in small household [7, 45] .
The positive effect of income on water use was widely accepted and empirically demonstrated [7, 37, 38] . Families with higher income tend to have higher total water consumption [39] as well as water consumption per capita [7] . However, Willis et al. observed that the water demand is not significant different between high-and middleincome groups. Low income group shows similar indoor water consumption but much less external water use [18] .
Though previous studies showed consistent results of income and household size effects on water consumption, there is not an agreement on how age structure influence water use. Using data from South East Queensland (Australia), Bennett et al. (2013) concluded that children generally use less water than adults [16] . Using the same dataset, Beal et al. (2011) also noticed that pensioners tend to use more water than average [40] . Willis et al. argued that retired people tend to spend a relatively great proportion of their time at home, hence, consume more water [46] . Residential water demand data from Aurora, Colorado (US) during a turbulent drought period (2000-2005) also supports positive correlation between average age and water consumption [39] . On the other hand, Nauges and Reynaud (2001) using water expenditure data from Grironde (France) suggested the negative effect of age on water consumption. They argued that older people show more saving attitude and generally use less water [11] . Contradicting results from these studies can be expected since data in Nauges and Reynaud (2001) was collected during the early 1990s while later studies used data from the beginning of 21 st century. Culture differences among countries might also have a role in explaining the inconsistent findings.
Even though education level was included in several water consumption studies [8, 16, 47] , others decided to exclude it due to its high correlation with income [48] . Positive influence of education on environmental awareness in general and water conservation attitude in particular was confirmed by Gilg and Barr (2006) [49] . Still, other studies observed the gap between people intention and their actual conservation behavior [50] . In fact, House-Peters et al. (2010) noticed that household with higher percentage of well-educated residents in Hillsboro, Oregon (US) had higher water consumption [41] . Similarly, Makki et al. (2013) found that household group with higher educational level consumes more shower water per person than group with lower educational level [43] . Other studies suggested insignificant effect of education on different water enduses [16] .
Other socio-demographic variables such as immigration and religion were not often considered by American and Australian scholars. Using water consumption data in UK, Smith and Ali (2006) made a connection between water use patterns and districts' ethnically and religiously characteristics. The authors argued that since patterns are so tightly related to religious practices, it is expected that religion is also an important factor in water volumes estimation [42] . Nauges and Reynaud (2001) reasoned that immigrants from developing countries often face with water scarcity, hence, they may present more prudent attitudes towards the use of water [11].
Physical Property Determinants
House typology was proven to be significantly connected with water use both indoor and outdoor [13] [14] [15] . Fox et al. (2009) classified properties based on number of bedrooms, house type (e.g. flat, terrace, cluster home, or detached), and the presence of garden. Higher water consumption was observed for properties with more bedrooms. However, the authors also noted that the linear relation between property size and number of occupants could not be assumed. This could explain the higher variation in water use of properties with five bedrooms and more [14] . House-Peters et al. (2010) also noticed the link between higher water consumption and larger, newer, higher property values [41] . External water use is usually related to leisure activities; thus, it is more susceptible to seasonal and price effects [7] . Presence of swimming pool was identified as the strongest determinant of external use. Families with swimming pool, on average, use twice as much water outdoors as homes without swimming pools [15] . Proportion of properties with swimming pool is positively correlated with average lot size and negatively correlated with urban density [36] . On the other hand, garden irrigation has also been seen as a major component of external water consumption [14] . Beside the size of outdoor space, lifestyle and household attitude toward gardening are significant determinants for outdoor water use [13] . Interestingly, Syme et al. observed that ownership of sophisticated lawn reticulation system do not lead to lower water consumption [13] .
Further than being powerful predictors for water demand on their own, characteristics of physical properties can also serve as proxy variables to study the relationship between socio-demographic factors with water demand due to their high correlation. For example, Seyranian et al. (2015) included house size (square feet) and the number of bedrooms as rough proxies for the number of residents in their study [51] . Size, age, and values of properties could also be used as indicators for family income [44] .
Technological Determinants
Applying technology in water conservation has been received much research attention in recent years [19] . Several studies were carried out to assess the effect of water efficient devices on water consumption behavior and water saving [18, 24] . Recently, technology advancement was also used to give people real-time feedback on the volume and end uses of consumed water [20, 32] . This application is expected to raise people awareness and through that inspire water conservation behavior [20] . High efficiency fixtures and appliances were advocated as a low cost solution for sustainable water management [18] . The majority of previous studies suggested that retrofitting high indoor efficiency fixtures could result in a relative savings between 9-12% [17] , whilst comprehensive replacement of household appliance with high water efficiency appliances could reduce indoor water consumption by 35 to 50% [17] . Reducing water demand also induces positive effect on the whole life cycle cost of drinking water treatment and distribution, and ultimately reduce the ecological footprint of the city or region [18] . Despite the positive results from other studies, Campbell et al. raised concern about offsetting behavior. Their study showed that giving people water saving devices caused very small decreases or fairly large increases in water consumption [24] . Their example of offsetting behavior is when people know that their showerhead is low-flow, they tend to feel free to take longer shower.
Another application of new technology in water conservation is real-time feedback using smart meter, data logger, and in-home displayer [20, 32, 52] . Despite the fact that smart meter implementation in water sector is still in its infancy, some positive results were delivered by several studies in Australia. Britton et al. (2013) used smart meter as a mean to detect possible post meter leakage [52] . The obtained information was then delivered to targeted household with different communication strategies. Majority of the household fixed the leak which led to 89% reduction of hour water loss [52] . Instead of leakage, Willis et al. (2010) chose to target shower end-use. The research group provided 151 families in the Gold Coast (Australia) with alarming visual display monitors which were set to alarm after 40L of consumed water. The results revealed reductions in both shower duration as well as volume of used water. Also, some participants chose to reduce the flowrate to have longer shower whilst still saving water [20] .
On the contrary, a study was conducted in Aurora, Colorado (US) showed that group with water smart reader consumed more water than the control group [32] . It should be noted that Aurora was using the increase block rate system. Hence, when people aware of their real-time consumption, they try to stay in their targeted block to save money but not to save water in general [32].
6
Climatic Determinants
The proportion of external water use varies from place to place and can be up to 60% of total household water consumption during summer time [41] . Whilst indoor use is rather independent of climate, external use is affected by temperature, evaporation, rainfall [13, 22] . Most studies considered average household water consumption during winter months as base use which generally is not affected by either temperature or rainfall [22, 41] . The occurrence of rainfall would cause an immediately drop in seasonal use or average water consumption during summer month followed by a gradual increase [23] . Gato et al. (2007) confirmed a non-linear relationship between temperature and water use in the summer using data which was hypothesized in Maidment et al. study (1985) [22, 23] . Ratio of summer to winter water use varies highly among locations. Balling et al. (2007) reported that the greatest sensitivity to season was found in census tracts with large lots, high occurrence of pools, a large proportion of non-native vegetation, and a high percentage of wealthy residents [21] . Currently, there is an unbalance in water demand literature regarding climatic effect. Majority of the studies were focused on arid and semi-arid climate [39, 41] . Using the case of Oregon (US), House-Peters et al. (2010) reasoned that outdoor use, which is sensitive to variation in climate, also significantly influence residential water consumption in maritime temperate climate [41] .
Spatial Determinants
Knowing how people will settle across space is a key to understand the changes in the urban metabolism of water [38] . As said, geography effect on water demand has not been studied until the early 2000s. Most of these studies using aggregate data at municipal or census tract level [6, 4, 36] . Higher urban density reduces domestic water demand through smaller lot size and outdoor space is the common conclusion from literature [14, 36] . March and Saurí (2010) recognized that net population density, which is expressed as number of residentials per a unit of residential plot area (excluding collector road and commune space), is the most critical variable to explain water consumption [38] . Although high urban density displays a better water efficiency, Hummel and Lux (2007) noticed a trend of lower population density in urban core area due to urban sprawl [45, 53] . Domene and Saurí (2016) suggested several explanations for this trend including: comparatively cheaper housing in peri-urbanization area, increase the preferences of citizens to be 'closer to nature', and improvements in commuting networks [53] .
Moreover, effects of socio-demographic and other factors on water consumption also display spatial variation. Households tend to use water at a level comparable to their neighbors, irrespective of their demographic and economic characteristics [4, 15] . Wentz and Gober (2007) used geographically-weighted regression to model water consumption of Phoenix, Arizona (US) at census tract level. Their model including percent of home with pool, average lot size, percent of residential area of mesic landscaping, and average household size showed vary explanatory power over water use across census tracts. Effects of the average household size and percent of home with pool on water use were proven to be spatial dependent. In other words, an increase in household size of one person increased water use by more than 100,000L in some tracts and less than 40,000L in others [15] . House-Peters et al. advocated the importance of identifying the most water sensitive census blocks and their physical as well as socioeconomic characteristics, as it determines effective targets for conservation efforts [41] .
Discussion and Possible Topics for Further Researches
As noted by Corbella and Pujol (2009) , all these determinants produce a very complex picture with many possible interrelationships [7] . Effect of one variable is hardly independent from effect of others. For example, income often positively correlated with age [16, 39] . Bennett et al. (2013) observed that with age, people move to higher income group and often have more children. However, it could be argued that in other cultural context, the correlation between income and number of children might be very different. Another example could be taken from Millock and Nauges' study in 2010. Their results suggested that socio-economic variables influence people choices of adopting water efficiency equipment [48] . This intercorrelation nature of water demand drivers, in one hand, poses challenges for researchers in choosing suitable modeling technique as well as selecting factors to avoid autocorrelation. On the other hand, when important explanatory variables are not available, proxy variables might be considered to provide the needed information. For instance, building structure variables from tax assessor's record can be used as proxies for income and household size [6] .
As discussed in section 6, current knowledge about domestic water demand determinants is rather limited in developed countries, with Australia and US as the two most studied countries [6, 18, 33, 41] . Several studies has been carried out in Germany [45] , France [11] , and Spain [36, 53] . With dramatic demographic growth in many urban areas, cities in developing countries are facing challenges to provide adequate services including clean water for their citizen [54] . There is a requirement for specific country and location based research [55] because of the differences in: (1) cultural, community norm, religious custom; (2) climate and environmental conditions; (3) technology advancement (at both individual and network level); (4) water pricing structures and legislation, and (5) environmental education.
Traditional researches often considered the effects of explanatory factors on water consumption as one-way. In reality, it is more complicated with possibilities of feedback loop, spillover [45] , as well as rebound effects [56] . An example of rebound effect which was discussed in section 5 is when people rely completely on the saving effects of water efficiency fixtures, they tend to change their behaviors in the direction which causing more water consumption [17] . Another complexity of the water demand management is the balancing among environmental, economic, and social sustainability. Whilst observing trend of lower consumption in Meuse basin is positive for natural resource conservation [55] , it reduced utility companies' revenue and threatened the companies' ability to maintain the infrastructures. Grafton and Ward (2015) also revealed the welfare losses of mandatory water restriction in Sydney (Australia) [57] . Hence, future studies should consider water demand determinants in a holistic approach with attention to feedback, spillover, and rebound effects.
Empirical results supported that effects of water use predictors change with different end-uses. Whilst household size is important to explain indoor water use, it has almost no effect on external water use [41] . Several studies agreed on the insignificant effect of educational level on total water consumption [16, 48] . When segregating water consumption for each end-use, education level is a significant determinant for shower/bath and dishwasher end-use categories [16, 58] . Willis et al. (2010) advocated the use of smart meter coupled with data logger for end-use analysis and real-time feedback provision [20] . Even though broadly installation of smart meter could provide researchers with valuable information, concern about individual's privacy has been raised in energy sector [59] . Further investigation should be carried out to find the balancing between consumer privacy and legitimate application of smart meter in water management.
